Escherichia coli BL21 strains were found to excrete a large amount of outer membrane protein F (OmpF) into culture medium during high-cell-density cultivation. From this interesting phenomenon, a novel and efficient OmpF fusion system was developed for the excretion of recombinant proteins by E. coli. The ompF gene of E. coli BL21(DE3) was first knocked out by using the red operon of bacteriophage to construct E. coli MBEL-BL101. For the excretion of human ␤-endorphin as a model protein, the ␤-endorphin gene was fused to the C terminus of the E. coli ompF gene by using a linker containing the Factor Xa recognition site. To develop a fed-batch culture condition that allows efficient production of OmpF-␤-endorphin fusion protein, three different feeding strategies, an exponential feeding strategy and two pH-stat strategies with defined and complex nutrient feeding solutions, were examined. Among these, the pH-stat feeding strategy with the complex nutrient feeding solution resulted in the highest productivity (0.33 g of protein per liter per h). Under this condition, up to 5.6 g of OmpF-␤-endorphin fusion protein per liter was excreted into culture medium. The fusion protein was purified by anion-exchange chromatography and cleaved by Factor Xa to yield ␤-endorphin, which was finally purified by reverse-phase chromatography. From 2.7 liters of culture supernatant, 545.4 mg of ␤-endorphin was obtained.
Escherichia coli possesses two membranes, the cytoplasmic and outer membranes, which serve as penetration barriers for macromolecules. The cytoplasmic membrane is equipped with secretory machineries for the secretion of proteins into periplasm (2, 6, 28) . All proteins secreted are synthesized as larger premature forms containing signal peptides at the N terminus. All of the natural proteins found in the outer membrane and the periplasmic space belong to this category. On the other hand, only a few proteins, such as hemolysin, are known to be excreted into the culture medium after crossing the outer membrane (2, 6, 7, 28) . The excretion of recombinant proteins into culture medium has several advantages, a low level of proteolysis, simple purification, improved protein folding, and N-terminal authenticity, which are similar to those seen with the secretion of proteins into the periplasm (12, 22, 31) . Furthermore, excretion of recombinant proteins into culture medium has at least two other advantages compared with secretion into the periplasm. First, there is no need to disrupt the outer cell membrane to recover the target proteins. Second, excretion allows continuous production of recombinant proteins since cells do not have to be collected or lysed for the recovery of proteins (14) .
Due to these advantages, there have been several attempts to develop a strategy to promote the excretion of recombinant proteins by E. coli. Fusion partners such as the pelB leader, the ompA leader, the protein A leader, and maltose binding protein or dedicated translocators such as the hemolysin and pullulanase systems have been used with limited success for the excretion of specific proteins of interest (1, 3, 13, 16, 33) . Another approach involves the coexpression of the kil gene, the tolAIII gene, the bacteriocin release protein gene, and the mitomycin-induced bacteriocin release protein gene (10, 24, 34, 36) . However, these strategies showed relatively high levels of contamination of cellular proteins in culture supernatant. An alternative method was the use of leaky L-form E. coli cells that release periplasmic proteins into the culture medium due to the loss of outer membrane integrity (8) . Kujau et al. (17) reported the excretion of functional miniantibodies with Lform E. coli strains. However, the fragility of the outer membrane has a number of deleterious consequences for the viability and growth of L-form cells. Cells are hypersensitive to detergents and EDTA and cannot be cultivated to the high density typically required for the efficient production of recombinant proteins.
Outer membrane protein F (OmpF; 36 kDa) is a porin protein in the outer membrane of E. coli that forms the pores through which small hydrophilic molecules diffuse passively. During our studies of the high-cell-density cultivation of various E. coli strains, we serendipitously found that a large amount of OmpF was excreted into the culture medium during the high-cell-density cultivation of E. coli BLR(DE3). As the cell density increased, the amount of OmpF protein in the culture supernatant also increased. Therefore, it was reasoned that the OmpF protein might be used as a fusion partner for the excretion of recombinant proteins in E. coli.
In this paper, we report a novel OmpF fusion system for the excretion of foreign proteins. Human ␤-endorphin was used as a model protein. Human ␤-endorphin exhibits potent morphine-like activity, producing in humans a good feeling and tolerance to pain (25) . This compound is hundreds or even thousands of times more potent than morphine on a molar basis. We report detailed results on the development of a new excretion system and excretory production of human ␤-endorphin by high-cell-density cultivation of recombinant E. coli.
MATERIALS AND METHODS
Bacterial strains and plasmids. The bacterial strains and plasmids used in this study are listed in Table 1 , and the oligonucleotide primers used in the PCRs are listed in Table 2 . E. coli XL1-Blue was used as a host strain for the cloning and maintenance of plasmids. E. coli BL21(DE3) and E. coli MBEL-BL101 (see Results) were used for the production of human ␤-endorphin, which is composed of 31 amino acids (Tyr-Gly-Gly-Phe-Met-Thr-Ser-Glu-Lys-Ser-Gln-Thr-ProLeu-Val-Thr-Leu-Phe-Lys-Asn-Ala-Ile-Ile-Lys-Asn-Ala-Tyr-Lys-Lys-Gly-Glu). PCR was performed with a PCR thermal cycler MP TP3000 (Takara Shuzo Co., Shiga, Japan) using the High Fidelity PCR system (Boehringer Mannheim, Mannheim, Germany). Electroporation was performed with a Gene Pulser (BioRad, Hercules, Calif.) at 12.5 kV/cm, 25 F, and 200 ⍀. All DNA manipulations including restriction digestion, ligation, and agarose gel electrophoresis were carried out as described previously by Sambrook et al. (29) . The DNA sequences of all constructs were confirmed by an automatic DNA sequencer (ABI Prism model 377; Applied Biosystems Inc., Foster City, Calif.).
Culture conditions. For flask cultures, R/2 medium (pH 6.8) was used (26) . The R/2 medium contained 2 g of (NH 4 . Glucose (10 g/liter) was used as a carbon source. Cells were cultivated in a 250-ml flask containing 50 ml of R/2 medium supplemented with 50 g of ampicillin/ml or 25 g of kanamycin/ml in a shaking incubator at 37°C and 200 rpm. For expression under the T7 or trc promoter, isopropyl-␤-D-thiogalactopyranoside (IPTG; Sigma Chemical Co., St. Louis, Mo.) was added to a final concentration of 1.0 mM at an optical density at 600 nm (OD 600 ) of 0.7.
Fed-batch cultures were carried out in a 6.6-liter jar fermentor (Bioflo 3000; New Brunswick Scientific Co., Edison, N.J.) containing 2 liters of R/2 medium plus 20 g of glucose/liter. Seed culture was prepared in a 1-liter flask containing 200 ml of R/2 medium plus 20 g of glucose/liter. The pH was controlled at 6.8, except for the periods of pH rise due to glucose depletion (in the case of the pH-stat fed-batch culture), by the addition of 28% (vol/vol) ammonia water. The dissolved-oxygen concentration was controlled at 40% of air saturation by automatically increasing the agitation speed to 1,000 rpm and by changing the percentage of pure oxygen. Nutrient feeding solution was added into the fermentor by three different feeding strategies. First, a pH-stat feeding strategy with a defined nutrient feeding solution (700 g of glucose/liter plus 20 g of MgSO 4 ⅐ 7H 2 O/liter) was used. When the pH rose to a value greater than its set point (6.8) by 0.08 due to the depletion of glucose, the appropriate volume of feeding solution was automatically added to increase the glucose concentration in the culture broth to 0.7 g/liter. Second, a pH-stat feeding strategy with a complex feeding solution (500 g of glucose/liter, 50 g of yeast extract/liter, and 20 g of MgSO 4 ⅐ 7H 2 O/liter) was used. The feeding solution was added as described above. Last, a defined feeding solution containing 700 g of glucose/liter plus 20 g of MgSO 4 ⅐ 7H 2 O/liter was fed exponentially into the fermentor using a computer-controlled pump to support a specific growth rate of 0.15 h Ϫ1 (19) . Fractionation of outer membrane proteins. Culture broth (3 ml) was centrifuged at 3,500 ϫ g for 5 min at 4°C, and the pellet was washed with 1 ml of 10 mM Na 2 HPO 4 buffer (pH 7.2), followed by centrifugation at 3,500 ϫ g for 5 min at 4°C. The pellet was resuspended in 0.5 ml of 10 mM Na 2 HPO 4 buffer (pH 7.2) and sonicated thoroughly to disrupt cells. Cell debris was removed by centrifugation of sonicated samples at 12,000 ϫ g for 2 min at room temperature. The total membrane protein fraction of the sample was isolated after centrifugation at 12,000 ϫ g for 30 min at 4°C and resuspended in 0.5 ml of 10 mM Na 2 HPO 4 buffer (pH 7.2) containing 0.5% (wt/vol) sarcosyl. After incubation at 37°C for 30 min, insoluble pellet was obtained by centrifugation at 12,000 ϫ g for 30 min at 4°C. The insoluble fraction was washed with 10 mM Na 2 HPO 4 buffer (pH 7.2) and was resuspended in 50 l of 10 mM Tris-HCl buffer (pH 8.0). Purification of ␤-endorphin. The OmpF-␤-endorphin fusion protein in the culture supernatant was purified by anion-exchange column chromatography (BioLogic HR system; Bio-Rad). The supernatant was loaded onto an anionexchange column (Bio-Scale Q2 column; Bio-Rad) preequilibrated with 50 mM Tris-HCl (pH 7.0) and was then eluted by a linear gradient of NaCl (0 to 1.0 M in the same buffer) at 90 ml/h. The protein concentration of each fraction was monitored using a UV detector (Bio-Rad). After collection of fraction containing the fusion protein, NaCl was removed by dialysis (MWCO 3500; Spectrum Lab. Inc., Laguna Hills, Calif.) against 2 liters of 20 mM Tris-HCl buffer (pH 7.0) for 24 h with three buffer exchanges. The OmpF protein was cleaved off by incubation with 1.2 g of Factor Xa/ml (New England Biolabs, Beverly, Mass.) at 23°C for 12 h (35). After cleavage, ␤-endorphin was finally purified by reversephase high-performance liquid chromatography (HPLC) with a 4.6-by 250-mm Microsorb-MV C18 column (Varian, Walnut Creek, Calif.) with a linear gradient elution from 100% buffer A to 50% buffer A plus 50% buffer B at 1 ml/min over 2 h (buffer A, 0.1% [vol/vol] trifluoroacetic acid; buffer B, acetonitrile containing 0.1% [vol/vol] trifluoroacetic acid). The fraction containing ␤-endorphin was collected and lyophilized. Electrophoretic analysis of ␤-endorphin on a Tricine sodium dodecyl sulfate-polyacrylamide (SDS-PAGE) gel was carried out by the method of Schagger and von Jagow (30) .
Analytical methods. Protein samples were analyzed by electrophoresis on a 10% (wt/vol) SDS-PAGE gel as described previously by Laemmli (18) . The protein bands on the SDS-PAGE gels were quantified by densitometry (ImagerMaster; Pharmacia Biotech, Uppsala, Sweden). The amount of soluble protein was determined by bicinchoninic acid assay with bovine serum albumin as a standard (32) . The N-terminal amino acid sequence of purified ␤-endorphin was determined by a gas phase sequencer (model 476A; Applied Biosystems Inc.).
RESULTS
Knockout of the ompF gene in E. coli BL21(DE3). For the development of the ompF mutant of E. coli BL21(DE3), the red operon of bacteriophage was used (23) . The red operon containing exo, beta, and gam genes was amplified from bacteriophage DNA by PCR as follows. The forward primer (primer 1) was designed to contain an NcoI site upstream of the start codon of the gam gene ( Table 2 ). The reverse primer (primer 2) was designed to contain a BamHI site downstream of the stop codon of the exo gene. The PCR product was digested with NcoI and BamHI and cloned into the same restriction sites of pTrc99A. The resulting plasmid, pTrcEBG, was transformed into E. coli BL21(DE3). Transformants were prepared as electroporation-competent cells after induction with 1 mM IPTG for the expression of the red operon. The PCR product containing a kanamycin resistance gene between the ompF promoter (PompF) and the ompF gene was mixed with electroporation-competent cells. After electroporation, transformants were selected on a Luria-Bertani medium plate with kanamycin (25 g/ml) at 37°C. From the selected transformants, pTrcEBG was removed by the cultivation of cells in the absence of ampicillin, and then gene replacement was confirmed by PCR (data not shown). This ompF knockout mutant was named E. coli MBEL-BL101 and was used as a host strain for the excretion of the OmpF fusion protein.
Construction of ompF gene expression system. For the expression of the ompF gene, three plasmids, pEDOmpF3, pTrcOmp4, and pOmpF6, in which the ompF gene is expressed by the T7, trc, and ompF promoters, respectively, were constructed. The ompF gene was amplified from the chromosomal DNA of E. coli BL21(DE3) by PCR as follows. For expression under the T7 promoter, PCR was carried out using primers 3 and 4. The PCR product was digested with NdeI and BamHI and was then cloned into pET21c to make pEDOmpF3. For expression under the trc promoter, PCR was carried out using primers 3 and 5. The PCR product was digested with NcoI and BamHI and was then cloned into pTrc99A to yield pTrcOmpF4. For expression under the ompF promoter, primers 3 and 6 were used to amplify the DNA fragment from the region from position Ϫ960 upstream of the ompF promoter to the stop codon of the ompF structural gene. After EcoRI and BamHI digestion, the PCR product was cloned into pBluescript SK(Ϫ) to make pOmpF6. E. coli MBEL-BL101 was transformed with each of these plasmids, and the amounts of OmpF protein expressed were analyzed by SDS-PAGE of the outer membrane fraction (Fig. 1) . In E. coli MBEL-BL101, OmpF protein was not produced but the level of OmpC was increased instead. Among the three expression systems, pOmpF6 showed the highest level of OmpF production. When pEDOmpF3 was used, OmpF was not produced in the outer membrane fraction. Instead, a large amount of premature OmpF was detected in the total protein fraction, which means that OmpF was produced but not secreted when a strong T7 promoter was used (data not shown). From these results, the expression system with the ompF promoter was chosen for the production of the OmpF fusion protein.
FIG. 1. Analysis of outer membrane fraction by SDS-PAGE.
Lanes: 1, E. coli BL21(DE3); 2, E. coli BL101; 3, E. coli BL101 harboring pEDOmpF3; 4, E. coli BL101 harboring pTrcOmpF4; 5, E. coli BL101 harboring pOmpF6. 
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Extracellular production of OmpF-␤-endorphin fusion protein. For the construction of the OmpF-␤-endorphin fusion gene, five primers (primers 7, 8, 9, 10, and 11) were synthesized. Overlapping PCR was carried out using these primers and primer 4. The PCR product was digested with BglII and XbaI and was cloned into pOmpF6 to construct pOmpF6␤E, in which the fused gene is expressed under the control of the ompF promoter (Fig. 2A) . The Factor Xa cleavage site (IleGlu-Gly-Arg) was introduced between the ompF and ␤-endorphin genes for the removal of OmpF during purification (Fig.  2B) .
For the excretory production of the OmpF-␤-endorphin fusion protein, high-cell-density cultures of recombinant E. coli MBEL-BL101 harboring pOmpF6␤E were carried out as described in Materials and Methods. Three different feeding strategies (pH-stat with two different feeding solutions and exponential feeding) were examined. Figure 3 shows the time profiles for cell density (OD 600 ), dry cell weight (grams per liter), and concentrations of total proteins (grams per liter) and the OmpF-␤-endorphin fusion protein (grams per liter) in the culture supernatant obtained from three fed-batch cultures. In all cultures, the OmpF-␤-endorphin fusion protein was successfully excreted into culture supernatant as cells grew. Among the three cultures, the pH-stat feeding strategy with a complex feeding solution resulted in the highest productivity (0.33 g of fusion protein per liter per h). After an 8-h lag period, cells grew rapidly to reach 59 g (dry cell weight) per liter in 17 h. The final concentration of fusion protein in the culture supernatant was 5.6 g/liter, which is equivalent to 490 mg of ␤-endorphin/liter. Although the purity of the fusion protein decreased to 62% of total proteins in the culture supernatant towards the end of fermentation, a much higher purity of 75% could be obtained during the exponential growth phase. When the pH-stat feeding strategy with a defined feeding solution was used, a lower productivity (0.26 g of fusion FIG. 3 . The time profiles of cell density, dry cell weight, and the concentrations of total proteins and the OmpF-␤-endorphin fusion protein in the culture supernatant during high-cell-density cultivations with the pH-stat feeding strategy with a defined feeding solution (A), the pH-stat feeding strategy with a complex feeding solution (B), and the exponential feeding strategy with a defined feeding solution (C).
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protein per liter per h), a lower final concentration of fusion protein (4.5 g/liter), and a lower purity (47%) were obtained at the end of fermentation. When the exponential feeding strategy was used, the specific growth rate could be controlled successfully at a constant value of 0.15 h Ϫ1 during the exponential growth phase. In this culture, however, the lowest production of fusion protein (0.11 g of fusion protein per liter per h) was obtained.
The OmpF-␤-endorphin fusion protein from 50 ml of culture supernatant (Fig. 3B) was purified by anion-exchange chromatography. The OmpF protein was cleaved off by Factor Xa treatment. Finally, ␤-endorphin was purified by reversephase HPLC, producing homogeneously pure ␤-endorphin as shown in Fig. 4 . The N-terminal amino acid sequence was found to be Tyr-Gly-Gly-Phe-Met-Thr-Ser-Glu-Lys, which was consistent with the known N-terminal amino acid sequence of ␤-endorphin. A total of 545.4 mg of pure ␤-endorphin was obtained from 2.7 liters of culture supernatant (final volume), with a purity greater than 99% and a recovery yield of 45.7% (Table 3) .
To determine the structure of the fusion protein excreted into culture medium, the culture supernatant, boiled and not boiled, was analyzed by SDS-PAGE (Fig. 5) . The fusion protein appeared as a monomeric form (40 kDa) when the boiled sample was analyzed. However, when the sample was not boiled, multiple protein bands of greater than 95 kDa were observed. These bands correspond to the trimer of the fusion protein associated with lipopolysaccharide (LPS). The OmpF protein excreted into the culture medium during the fed-batch culture of E. coli BL21(DE3) also showed the same pattern on the SDS-PAGE gel. These results indicate that the OmpF-␤-endorphin fusion protein also forms a trimeric porin structure on the outer membrane and is released into culture medium without disruption of its trimeric structure.
DISCUSSION
Because of a number of advantages in the extracellular production of target proteins compared with cytosolic production, various methods have been developed as described earlier.
Despite these efforts, excretion of foreign proteins into the culture medium during high-cell-density cultivation has rarely been demonstrated. In this study, we developed a new system for excretory production and showed that human ␤-endorphin as a model protein could be successfully excreted into culture medium as an OmpF fusion protein during high-cell-density cultivation. It is interesting that OmpF protein is excreted into culture medium during the high-cell-density cultivation of E. coli BL21 strains, although the reason for this is not yet understood. In general, the total amount of OmpF and OmpC in E. coli K12 is fairly constant, but the relative amounts of the two proteins are dependent on several factors, including the osmolarity of the external medium (9), concentrations of certain antibiotics (4), nutrient limitation (20) , cell density (21), and growth phase (27) . When flask cultures were carried out in a defined R/2 medium, the outer membrane fraction of E. coli BL21(DE3) showed a different composition from those of E. coli K12 strains such as HB101, JM101, MC4100, XL1-Blue, and W3110 (Fig. 6 ). In BL21(DE3), OmpF was the major outer membrane protein, with small amounts of OmpA and OmpC. On the other hand, other E. coli strains produced   FIG. 4 . SDS-PAGE analysis of the samples after each purification step. Lanes: 1 and 6, molecular mass standards; 2, the total protein in the culture supernatant; 3, after anion-exchange chromatography; 4, after Factor Xa cleavage; 5, after reverse-phase HPLC. The arrow indicates ␤-endorphin. (5) also reported that a base substitution at the Pribnow box (especially A3T at position Ϫ12) rendered ompF expression independent of positive regulation. Therefore, the difference between the upstream regions of the ompF gene in the BL21 and K12 strains seems to be the reason for the large difference in OmpF levels in the two strains. Liu and Ferenci (20) reported that the expression level of the ompF gene was higher at a specific growth rate () of 0.3 h Ϫ1 than at 0.1 or 0.6 h Ϫ1 . In the present study, in the pH-stat fed-batch cultures with defined and complex feeding solutions, the specific growth rates were maintained at 0.27 and 0.29 h Ϫ1 , respectively, in the exponential growth phase. However, for the exponential feeding strategy, the specific growth rate was maintained at 0.15 h Ϫ1 . Therefore, the different amounts of OmpF-␤-endorphin fusion protein obtained in the three fedbatch cultures could be partly explained by the results reported by Liu and Ferenci (20) . Even though the amount of OmpF-␤-endorphin fusion protein accumulated in the culture medium increased as cell density increased in the pH-stat fedbatch cultures, the amount of OmpF-␤-endorphin fusion protein in the outer membrane fraction was not increased (constantly high level) (data not shown). The other Omp proteins, including OmpA and OmpC, were also maintained at low levels during cultivation. From these results, it can be concluded that excess OmpF-␤-endorphin fusion protein was released into the culture medium because of the limitation of protein accommodation in the outer membrane of E. coli.
It was interesting to observe that the OmpF-␤-endorphin fusion protein still formed a trimeric porin structure on the outer membrane. The released fusion protein appeared as multiple bands on the SDS-PAGE gel, which suggests that LPS is associated with it (15). However, the release of LPS does not seem to be a problem, because ␤-endorphin could be recovered with high purity by simple procedures, as shown in Fig. 4 .
In this study, we report a new protein excretion system based on OmpF and its use for the excretion of human ␤-endorphin as a fusion protein into culture medium. Excreted ␤-endorphin could be purified by a simple recovery method. The findings that the OmpF fusion system allowed efficient excretion of a small peptide into the culture medium, that potentially highlevel production of recombinant protein is possible by highcell-density cultivation, and that simple recovery is possible because the target protein is excreted into the culture medium should be useful for the development of strategies for the efficient extracellular production of other recombinant proteins in E. coli. We intend to examine the excretion of a larger protein by use of this system next.
